INTRODUCTION
============

Therapeutic molecules that specifically target cancer cells are the key to the development of patient-tailored cancer treatment. The selective targeting of cancer cells would enable treatments that inhibit tumor growth and invasion while sparing the tumor surrounding normal cells, thus reducing the adverse side effects frequently caused by conventional chemotherapies ([@CIT0037]).

Because of the versatility of the RNAi process, RNA-based gene therapy is emerging as a potential effective and safe approach to target various human diseases, including cancers ([@CIT0039]). RNAi molecules include both extrinsic short interfering RNAs (siRNAs) and intrinsic antisense RNAs (AS-RNA), and microRNAs (miRNAs), and modulate post-transcriptional and sequence-specific gene silencing. Si/miRNAs are processed by the ribonuclease DICER to produce short double-stranded RNAs (dsRNAs) of 20-24 base pairs that in the cytoplasm are recognized by the RNA-induced silencing complex (RISC). The RISC drives the strand that directs silencing (guide strand) to the target mRNA, while the other strand (passenger strand) is degraded. Depending on the degree of complementarity, the hybridization of guide strand to the mRNA prevents translation or induces degradation ([@CIT0032]). SiRNAs that show a perfect complementarity to their target mRNA, induce gene silencing through a sequence-specific cleavage of the target RNA, whereas microRNAs, that show a partial complementarity, can mediate translational repression or transcript degradation ([Figure 1](#F1){ref-type="fig"}).
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Using RNAi to inhibit the action of genes relevant for cancer cell survival and progression presents several advantages over other inhibitors as small molecules, peptides and antibodies, since the elevated target specificity is coupled to low toxicity. Chemical modifications can be easily introduced in sequence to increase resistance to nucleases, stability or binding properties ([@CIT0034]). In addition, solid-phase synthesis of short nucleic acids has made the large-scale production cost-effective. To-date numerous pre-clinical studies have provided encouraging results for use of this class of molecules as cancer therapeutics. While the RNAi technology offer potential to inhibit expression of specific and multiple target genes, raising the hope of patient tailored therapies; however, several challenges hinder their successful translation into the clinic. A major obstacle is represented by the necessity to develop safe and effective means for their delivery, enabling the selective accumulation of RNAi at target sites, their intracellular uptake, correct processing and functional silencing of target genes.

In this regard, nucleic acid aptamers are emerging as very promising molecules. Aptamers are short, structured, single-stranded RNA or DNA ligands that bind to target molecules with high specificity and affinity (Kd in the low nanomolar-picomolar range). In the last decade, aptamers that target the extracellular domain of transmembrane receptors overexpressed in tumors have been generated, thus becoming, along with monoclonal antibodies, ideal tools for the specific recognition of cancer cell surface ([@CIT0007]). Thanks to their unique characteristics, cancer targeting aptamers are revealing a promising mean to selectively drive nanoparticle-based cargoes to affected cancer tissues. Further, because of the chemical versatility of nucleic acids, aptamers have been as well directly conjugated to different secondary reagents such as chemotherapeutics, imaging probes and siRNAs/miRNAs to be selectively driven toward the target cells.

In this review, we will discuss the various approaches adopted to use aptamers for the selective delivery of si/miRNAs to cancer cells with a special focus on the design of aptamer-RNAi conjugates.

APTAMERS AS DELIVERY TOOLS
==========================

Aptamers are generated from high complexity pools through a combinatorial process named Systematic Evolution of Ligands by EXponential enrichment (SELEX) to tightly bind to their proper targets ([@CIT0038]). Various aptamers have been raised that bind to and inhibit the function of proteins involved in cancer. As such, the aptamer technology is now emerging for its potential as an effective diagnostic and therapeutic tool, and many aptamers are currently in clinical and preclinical trials ([@CIT0015]).

Aptamers were first identified as cancer therapeutics because of their ability to inhibit their targets and for their appropriate pharmacokinetic and pharmacodynamic properties. More recently, thanks to their excellent targeting properties, they have been developed as delivery tools for secondary therapeutic agents and nanoparticles. To-date, they have been successfully conjugated to different active molecules, including nanoparticles ([@CIT0017]; [@CIT0041]), anti-cancer therapeutics ([@CIT0002]), toxins ([@CIT0010]), enzymes ([@CIT0009]), radionuclides ([@CIT0020]), siRNAs ([@CIT0046]) and miRNAs ([@CIT0043]; [@CIT0012]; [@CIT0027]; [@CIT0016]). In these conjugates, the aptamer moiety is used to selectively drive the secondary reagent to affected tissues or cells that overexpress the aptamer target, eluding the accumulation of drugs in non-target cells. Consequently, the efficacy of the therapy is increased and the possibility of unwanted side effects is reduced ([Figure 2](#F2){ref-type="fig"}). The use of aptamers as delivery tools is particularly relevant in the case of conjugates with si/miRNA therapeutics ([@CIT0042]).

![Aptamers as delivery agents. Aptamers can be used to selectively deliver secondary reagents to target cells that express aptamer target on cell surface (*left*). Only this subset of cells will be exposed to the secondary reagent, whereas cells that do not express aptamer target will not be affected (*right*).](JRGS-10-500-g002){#F2}

Aptamers show important advantages over viral and lipid nanoparticle-based approaches proposed for iRNA delivery. Even if adenovirus- and adeno-associated viruses have shown high efficacy, they give problems of insertional mutagenesis and immunogenicity ([@CIT0022]). On the other hand, nanoparticle-based systems have achieved a limited effectiveness *in vivo*, resulting in a preferentially accumulation in the liver, a dose-dependent toxicity and hepatotoxicity ([@CIT0047]). Thus the use of aptamers offers the possibility to overcome these problems enabling the specific accumulation of siRNAs in target tumor cells in a safe and effective manner.

Aptamer-siRNA delivery
----------------------

To-date, the use of synthetic siRNAs has been largely adopted to suppress the expression of pathologically important genes in cancer and several preclinical studies have shown the effective inhibition of tumor cell growth, angiogenesis, metastasis and chemo-resistance ([@CIT0005]; [@CIT0033]). Given the unprecedented potential impact in using si/miRNAs for personalized cancer therapy, a great effort has been invested to develop approaches enabling their safe and specific delivery. In this respect, using aptamers as delivery moieties revealed as a safe and effective approach for the specific recognition of solid tumors in preclinical studies. Aptamers against the extracellular domain of the prostate-specific membrane antigens (PSMA), A9 and A10 aptamers ([@CIT0028]), have been extensively characterized for siRNA delivery by developing different approaches based either on non-covalent or covalent conjugation.

One of the first studies reported the development of a non-covalent approach that employed the use of a streptavidin connector ([Figure 3A](#F3){ref-type="fig"}) ([@CIT0011]). The A9 aptamer and the siRNA targeting laminin A/C and GAPDH genes were modified with biotin and then assembled *via* a streptavidin bridge. The treatment of PSMA-positive LNCaP cells with the conjugates resulted in a gene expression inhibition comparable to those observed with conventional lipid reagents.

![**(A-D)** Schematic representation of the different approaches developed for the direct conjugation of anti-PSMA aptamer and siRNA (see text for a detailed description). The functional antisense strand of the siRNA is in red. **(E)** Scheme of anti-nucleolin aptamer chimeric molecules. The anti-nucleolin aptamer that is a G-rich quadruplex-forming oligonucleotide is extended with a poly (dT) spacers, while the sense strand of a siRNA is modified with a sulfo-SMPB linker. The two moieties are then conjugated through the sulfhydryl group (S) bridge. **(F)** Illustration for the anti-MUC1 multimeric chimera. The molecule is obtained by the annealing of multimeric antisense strand with aptamer-incorporating sense strands.](JRGS-10-500-g003){#F3}

In the same year, [@CIT0029] described an elegant covalent approach in which the aptamer is extended at the 3'end with a tail complementary to the antisense strand of the siRNA (nonfunctional or sense strand) and then annealed with the siRNA antisense strand (functional strand, [Figure 3B](#F3){ref-type="fig"}), generating a completely RNA-based molecule. This approach was used to conjugate the anti-PSMA A10 aptamer with siRNAs targeting survival genes, the polo-like kinase 1 (PLK1) or BCL-2. The resulting chimeras specifically silenced target genes and induced cell death in PSMA-positive cancer cells. In a later study, ([@CIT0013]) the A10-Plk1-siRNA chimera was further optimized for *in vivo* application by truncating the aptamer portion, swapping the sense and antisense strands of the siRNA portion and adding a two-nucleotide 3 -overhang and a PEG tail ([Figure 3C](#F3){ref-type="fig"}). By suppressing the expression of the Plk-1 gene, the resulting conjugate effectively inhibited the growth of PSMA-positive tumors after systemic administration.

The A10 aptamer has been further covalently conjugated to different siRNAs, including those targeting the eukaryotic elongation factor-2 ([@CIT0044]) or two key components of the nonsense-mediated mRNA decay ([@CIT0031]). In addition, a truncated version of A10 aptamer (A10-3) was linked to a short hairpin RNAs (shRNAs) against the DNA-activated protein kinase by generating a single molecules completely modified with 2' fluoro-pyrimidine (2'-F-Py) ([@CIT0030]). In this chimera, the 3'-terminus of the aptamer was extended with the siRNA sense strand, followed by a 10-mer loop sequence and by the siRNA antisense strand ([Figure 3D](#F3){ref-type="fig"}). The resulting molecules sensitized PSMA-positive cells to ionizing radiation therapy.

Several other aptamers against cell surface proteins overexpressed on cancer cells have been used for siRNA delivery. For example, the aptamer against nucleolin AS1411 ([@CIT0003]) was recently conjugated to siRNAs specific for snail family zinc finger 2 (SLUG) and neuropilin 1 (NRP1) proteins ([@CIT0025]). In the chimeric molecules (aptNCL-SLUGsiR and aptNCL-NRP1siR), the aptamer portion was extended with a poly(dT) spacer and conjugated through the sulfhydryl group (S) bridge to the siRNA sense strand modified with a sulfo-SMPB linker ([Figure 3E](#F3){ref-type="fig"}). AptNCL-SLUGsiR and aptNCL-NRP1siR specifically knocked down the expressions of SLUG and NRP1 in nucleolin-positive cancer cells and, when used in combination, significantly reduced cancer cell migration and invasion *in vitro* and inhibited tumor growth, invasiveness and angiogenesis *in vivo*. In addition, AS1411 aptamer was used as targeting agent on PEGylated cationic liposome containing Braf specific siRNA. The complex showed an efficient tumor-targeting capability and inhibited tumor growth in xenograft of A375 melanoma cells ([@CIT0026]).

Another interesting cancer-related surface target is the epidermal growth factor receptor (EGFR) and its activated deletion variant (EGFRvIII), the most common EGFR mutation found in many malignancies including glioma. By using the streptavidin-biotin approach a DNA aptamer against EGFRvIII ([@CIT0035]) was used to deliver c-Met siRNA into glioma U87MG cells overepressing EGFRvIII ([@CIT0045]). The efficient delivery of c--Met siRNA resulted in increasing apoptosis and inhibiting proliferation of target cells. In addition, aptamers specific for Her-2 positive breast cancer cells were covalently conjugated to BCL-2 siRNA, generating a chimera able to sensitize cells to chemotherapy ([@CIT0036]).

By using a DNA aptamer against mucin 1 (MUC1), that is overexpressed in different tumors ([@CIT0024]), it has been recently proposed a promising approach in which chemically conjugated multimeric antisense strands were annealed with aptamer-guide strands ([Figure 3F](#F3){ref-type="fig"}). Compared to conventional chimeras, this multimeric construct enhanced siRNA intracellular delivery ([@CIT0040]).

Aptamer-targeted delivery has been also applied in cancer immunotherapy. In order to enhance antitumor immunity, [@CIT0004] conjugated an aptamer that binds the 4-1BB, a costimulatory molecule of CD8+ T cells, with a siRNA targeting Raptor, a component of the mammalian target of rapamycin complex 1 (mTORC1). They found that the systemic administration of the chimera downregulated mTORC1 activity in CD8+ T cells, leading to a potent memory response that potentiated antitumor immunity. In the same year, [@CIT0019] covalently liked an aptamer against the cytotoxic T lymphocyte--associated antigen 4 (CTLA4), that is upregulated in tumor associated CD8+ T cells, to siRNA targeting STAT-3, that induce peripheral tolerance in tumor associated immune cells inhibiting CD8+ T cell activity. The silencing of STAT-3 by the chimera resulted in the activation of tumor antigen--specific T cells and reduced tumor growth and metastasis in different mouse tumor models. Thus the studies concerning the use of aptamers for the delivery of siRNAs are growing rapidly and strongly support the importance of these two class of molecules for cancer treatment.

Aptamer-miRNA delivery
----------------------

Endogenous miRNAs regulate important biological process including cancer initiation, progression and metastasis, showing a great potential as cancer therapeutics. Deregulation of miRNA expression has been involved in different malignancies and it is ascertained that miRNAs may act as oncogenes (oncomirs) or tumor suppressors, depending on the cellular function inhibited ([@CIT0021]; [@CIT0014]).

MiRNAs have the potential to target simultaneously multiple genes that cooperate in the same pathway, thus resulting in an efficient cell reprogramming. As such, it makes unquestionable the development of a safe mean for the specific delivery of "oncosuppressor" miRNAs enabling the reduction of off-target effects while increasing the therapeutic effectiveness. Therefore, given the progresses in the design of aptamer-based strategies for siRNA delivery, it has been recently explored the use of aptamers as delivery moieties for microRNAs. In a first study, a second generation aptamer against PSMA (A10-3.2) was conjugated to a polyamidoamine (PAMAM)-based microRNA (miR-15a and miR-16-1) using PEG as a spacer. The construct demonstrated to be able to selectively deliver the miRNA moiety into LNCaP (PSMA positive) prostate cancer cells, inducing cell death *in vitro* ([@CIT0043]). The same aptamer was recently used as recognition ligand in an atelocollagen (ATE)-based microRNA (miRNA; miR-15a and miR-16-1) vector to target prostate cancer bone metastasis ([@CIT0018]).

[@CIT0027] then described a direct combination between aptamers and miRNAs. The molecule, in which the anti-MUC1 aptamer was conjugated to let-7i miRNA, sensitized OVCAR-3 ovarian cancer cells to paclitaxel. The same aptamer was also combined to miR-29b that, by inhibiting DNA methyltransferases expression, is able to induce PTEN gene. Thus, the resulting chimera ([Figure 4A](#F4){ref-type="fig"}) induced apoptosis in OVCAR-3 cells ([@CIT0012]). More recently, we developed a novel multifunctional aptamer-miRNA conjugate (named *GL21.T-let*) ([@CIT0016]) by combining a previously characterized anti-Axl receptor inhibitory aptamer named GL21.T ([@CIT0008]) with the tumor suppressor let-7g miRNA ([@CIT0006]). For the conjugation strategy, the aptamer was extended with the passanger strand of the miRNA and then annealed with the guide strand ([Figure 4B](#F4){ref-type="fig"}). Notably, instead of using a perfect complementary 22-mer miRNA duplex, we introduced an internal partial complementarity and a longer sequence (26-27 bases) with the aim to have a better DICER substrate ([@CIT0001]). We demonstrated that *GL21.T-let* was selectively delivered to Axl-expressing cancer cells, processed by the iRNA machinery, leading to silence let-7g targets *in vitro* and *in vivo*. Importantly, the conjugate combined the miRNA activity with the aptamer function (Axl signaling inhibition), resulting in an effective inhibition of cell migration and survival *in vitro* and of tumor growth *in vivo*. Moreover, we also reported another conjugation strategies *via* a 17-mer "stick" complementary sequence ([Figure 4C](#F4){ref-type="fig"}) that is based on rules already described for aptamer-siRNA chimeras for HIV treatment ([@CIT0048]). The abnormal high expression of oncomir in cancer cells greatly contributes to the malignant phenotype. For an effective therapy, it is thus required to design single strand antisense oligonucleotides (named anti-miRs) able to antagonize the oncomir action.

![**(A-C)** Schematic representation of the different approaches developed for the direct conjugation of aptamers to miRNAs (see text for details). The functional guide strand of the miRNA is in red.](JRGS-10-500-g004){#F4}

To-date only a few studies are present in literature that describe the development of theragnostic nanoparticles (MFAS) containing AS1411 aptamer as targeting molecule and miR-221 molecular beacon (miR-221 MB) complementary to the oncogenic miRNA-221 ([@CIT0023]). Once delivered to nucleolin positive cells, the miR-221 MB released from the MFAS was able to image miRNA-221 in the cytoplasm and simultaneouslyinhibiting the miRNA function. The selective delivery of anti-miRs to target cancer cells is still in its infancy; nevertheless, the development of aptamer-mediated approaches represent a concrete possibility to achieve this goal.

CONCLUSIONS
===========

Gene therapies based on the use of iRNA to modulate gene expression are revealing as highly promising approaches for the treatment of canvers. Aptamers are emerging as safe and effective molecules enabling the specific recognition of target cells *in vivo*, the intracellular uptake and the functional processing of the RNAi, ultimately leading to proper target gene silencing. To-date, diverse approaches have been adopted to conjugate aptamers with siRNAs and, more recently, aptamer-microRNA chimeras have been described. Therefore, even if the aptamer-based anti-miRs delivery has been still poorly addressed, it represents an important challenge with broad applicability to treat many human diseases, including cancer, metabolic, cardiologic and infectious diseases.
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